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Abstract:
Robust plasmonic nanoantennas at mid-infrared wavelengths are essential components for a variety of nanophotonic applications ranging from thermography to energy conversion. Titanium nitride (TiN) is a promising candidate for such cases due to its high thermal stability and metallic character. Here, we employ direct laser writing as well as interference lithography to fabricate large-area nanoantenna arrays of TiN on sapphire and silicon substrates. Our lithographic tools allow for fast and homogeneous preparation of nanoantenna geometries on a polymer layer, which is then selectively transferred to TiN by subsequent argon ion beam etching followed by a chemical wet etching process. The antennas are protected by an additional Al 2 O 3 layer which allows for high-temperature annealing in argon flow without loss of the plasmonic properties. Tailoring of the TiN antenna geometry enables precise tuning of the plasmon resonances from the near to the mid-infrared spectral range. Due to the advantageous properties of TiN combined with our versatile large-area and low-cost fabrication process, such refractory nanoantennas will enable a multitude of high-temperature plasmonic applications such as thermophotovoltaics in the future.
Introduction
Plasmonics is at the heart of many aspects of nano-optics and photonics, where it has been utilized for a broad variety of research and commercial applications. One significant feature of plasmonic resonators is their ability to concentrate light into deep subwavelength volumes, enabling efficient light confinement on the nanoscale as well as antenna-enhanced sensing approaches [1] [2] [3] [4] . Building on this concept, plasmonic geometries have led to the realization of artificial optical materials with novel properties such as negative refraction [5] , perfect absorption [6] [7] [8] [9] , and the plasmonic analogue of electrically induced transparency from atomic physics [10, 11] . Plasmonic geometries commonly rely on noble metals such as gold (Au), silver (Ag) and aluminum (Al) due to their comparatively small Ohmic losses and wellunderstood optical and mechanical properties.
However, in order to improve the efficiency of current plasmonic designs and to realize novel concepts, there is an increased need for additional classes of plasmonic materials. Particularly, semiconductor materials such as highly doped silicon (Si) [12] and transparent conducting oxides (TCO) [13] have been introduced due to their tunable optical properties and compatibility with standard industrial chip-scale processing (CMOS) technologies. Furthermore, materials which undergo a phase change in response to an external stimulus such as vanadium dioxide (VO 2 ) [14] , germanium antimony telluride (GST) [15] , yttrium (Y) [16] and magnesium [17] have been employed to realize active plasmonic devices.
Another crucial material-related challenge is the stability of plasmonic structures at the very high temperatures that are relevant to many industrial processes. This requirement is difficult to satisfy using metals with comparatively low melting points, and hence necessitates a transition to more stable, so-called refractory materials [18] . Such materials are chemically stable at temperatures above 2000°C and are thus ideal candidates for high-temperature plasmonic applications such as thermophotovoltaics [19] , perfect absorption and thermal emission [20] [21] [22] , and nanoscale-heat transfer systems [22] . This is especially important when operating plasmonic structures as thermal emitters, where high device temperatures are needed to achieve the desired emission wavelengths, e.g., in the mid-and near-infrared.
Titanium nitride (TiN) has emerged as a promising material for refractory plasmonics [18] and other high-temperature applications [23] due to its negative real value of permittivity and low interband loss in the near-and mid-infrared spectral range [24] [25] [26] . However, the fabrication of TiN nanostructures with tunable plasmonic resonances over large areas has proven challenging. In this work, we utilize fast and wafer-scale fabrication methods such as direct laser writing (DLW) [27] and laser interference lithography (LIL) [28] to create a regular polymer pattern, which is then selectively transferred into a TiN layer through a combination of dry and chemical wet etching processes. Following this approach, we achieve large-area nanoantenna arrays of TiN with tunable plasmon resonances from the near-to the mid-infrared spectral range. Due to the refractory properties of TiN, the fabricated nanoantennas are good candidates for high-temperature plasmonic applications, particularly when covered with an oxide-resistant layer with high-temperature stability such as Al 2 O 3 or Si 3 N 4 .
TiN nanoantennas
A schematic drawing of the TiN nanoantenna fabrication process is shown in Fig. 1 . First, substrates are sonicated for 10 minutes in acetone as well as isopropanol. In addition, the Si substrates undergo a 30 second hydrofluoric acid (49%) dip prior to sonication. Subsequently, the substrates are loaded into the sputtering chamber (AJA International ATC 2200-V6) and cleaned under vacuum condition by Ar plasma (25W). Afterwards a 50 nm TiN layer is deposited using non-reactive sputtering (10 −8 Torr, RF power: 150 W, Ar flow: 40 sccm, deposition pressure: 4 mT, temperature: 20 C, applied bias: 100 V). Then, a 5 nm chromium (Cr) adhesion layer and a 100 nm gold (Au) intermediate layer are evaporated (Pfeiffer Vacuum Model PLS-500, 10 −7 mbar). The purpose of the gold layer is to assist in the wet etching process as an additional mask since the polymer layer is partly damaged during the wet etching.
Figures 1(a)-1(f) show the fabrication processes of the nanoantennas. The photoresist (Nanoscribe IP-Dip, development in Microresist mr-dev 600 for 15 minutes) is drop-cast onto the multi-layer sample, and direct laser writing (Photonic Professional GT, Nanoscribe GmbH, Germany) is utilized to create nanoantenna patterns in the polymer. These patterns are then transferred first to the gold film via argon ion beam etching (Technics Plasma Model R.I.B.-Etch 160, etching rate: 0.5 nm/sec) and then to the TiN film via a chemical wet etching process by using NH 4 OH: H 2 O 2 : H 2 O (1: 2: 5) solution (75°C, etching rate: 0.5 nm/sec). Afterwards, the sample is immersed in distilled water for 60 seconds and dried using nitrogen. Finally the photoresist and the gold layer are removed via oxygen plasma (Diener electronic Plasma-Surface-Technology, 100 min, 1.3 mbar, 160 W) and argon ion beam etching, respectively. Relative transmittance spectra of our nanoantenna arrays (200 × 200 µm 2 ) are measured using a Bruker Hyperion microscope coupled to a Bruker Vertex 80 spectrometer.
The proposed refractory plasmonic TiN nanoantenna design can be implemented using other large-area fabrication methods such as interference lithography. However, this requires optimization of photoresists and metal thicknesses as we demonstrate in the following. For manufacturing TiN nanoantenna arrays by interference lithography, the photoresist (ma-N 405) is spin-coated on Cr (2 nm) and Au (35 nm) layers and the development process is carried out in AZ826 developer for 48 seconds. 
Results and discussion
The fabricated nanoantennas provide a plasmon resonance which is strongly dependent on the antenna material and consequently the dielectric function of the TiN film. To investigate this further, we measure the dielectric function of the TiN films used in our fabrication process (thickness 50 nm) via spectroscopic ellipsometry (Woollam variable angle spectroscopic ellipsometer (VASE), spectral range 0.3 to 2.2 μm, angles of incidence varied from 45° to 65° in steps of 5°). The ellipsometric data are modeled by a general oscillator layer model with a mean square error (MSE) of 0.7. The real and imaginary parts of the dielectric function were extrapolated from the model up to the mid-infrared range as shown in Fig. 2(a) and 2(b) respectively. The real (ɛ 1 ) and the imaginary (ɛ 2 ) parts of the dielectric function of the TiN film on both silicon and sapphire substrates exhibit metallic behavior (negative real permittivity and low interband loss) in the near-and mid-infrared spectral regions, comparable to TiN films demonstrated by other groups [29] . The slight difference between dielectric functions of TiN film on silicon and sapphire substrate is to be expected since the different lattice matching of the substrates influences the dielectric functions of TiN films as demonstrated previously [30] . However, the modeled results show some sensitivity to the film thickness; therefore, we have verified the rate-estimated sputtering thickness by performing both Dektak profilometry and X-ray reflectometry measurements. We use these optical constants to estimate the plasmonic resonance of our nanoantennas by employing a Fourier modal method numerical simulation approach [31] . As expected, the geometry of the TiN nanoantennas plays an important role for tailoring the plasmon resonance wavelength over the near-and mid-infrared range. Figure 2 (c) shows simulated relative transmittance spectra (parallel polarization) of the nanoantennas with different periodicities (P) and antenna lengths (L) on a sapphire substrate, demonstrating geometrical plasmon resonance tunability from the near-to mid-infrared (red: P = 1.5 µm and L = 1.0 µm, green: P = 2.0 µm and L = 1.5 µm, blue: P = 2.5 µm and L = 2.0 µm). Fig. 2(b) . Figure 3 shows the plasmon resonance of such a nanoantenna array (P = 1.5 µm, L = 0.83 µm), demonstrating good agreement between simulation and experiment. However, the slight difference between the simulation and the experiment could arise from the chemical wet etching process which causes imperfect walls and surface roughness of the antennas. A crucial point for applications is the stability of our TiN nanoantenna arrays at high temperatures. As has been shown previously, TiN is a refractory material with excellent thermal stability, even for temperatures above 2000°C [18] . However, high-temperature annealing of TiN in oxygen-containing environment will lead to oxidation of the material [32] and consequently, due to the small size and high surface area of our nanoantennas, cause the complete disappearance of the plasmon resonance in our geometry as shown in Fig. 4(a) . Previous studies have shown that TiN will not significantly oxidize at temperatures below 300-350°C [33, 34] , but as with many nitrides, at higher temperatures such as those explored here, oxidation can become an issue. Whereas annealing of TiN under vacuum condition can prevent oxidization of TiN nanostructures and keep the optical properties of TiN film stable [20] , the use of thin dielectric coatings has also been suggested to reduce this oxidation in TiN films [32] . Figure 4 (a) shows relative transmittance of the nanoantenna arrays before (blue line) and after annealing (red line) at 800°C. The plasmon resonance clearly disappears after the annealing process. To overcome this problem, we incorporate a 200 nm thick aluminum oxide (Al 2 O 3 ) layer, a refractory dielectric transparent over the near-to mid-IR range, which is sputtered on top of the fabricated TiN nanoantenna arrays in an attempt to prevent oxygen from the surrounding environment from reaching the TiN antennas. The addition of this film only causes a 0.5 µm spectral shift of the antenna resonance to longer wavelengths combined with a slight broadening of the lineshape, while the modulation depth is maintained as shown in Fig. 4(b) . The sample is then annealed in Ar flow at a temperature of 800°C for about 45 minutes. The argon flow does not prevent oxidization of TiN but is necessary for an accurate measurement of the annealing temperature. Looking again at the optical response of the antenna arrays, we find that the resonance position is maintained while the modulation depth of the resonance decreases by around 15% as shown in Fig. 4 (red line) . The reduced modulation depth is most likely due to intrinsic oxygen interdiffusion between Al 2 O 3 and TiN or diffusion of oxygen from the native surface oxide (TiO 2 ) into the thin film. Choosing different oxidization-resistant cap layers, e.g. Si 3 N 4 , may decrease the rate of oxidization or avoid it entirely. Still, our experiments clearly demonstrate the thermal stability of our Al 2 O 3 -protected TiN nanoantenna arrays, as confirmed by the pronounced plasmonic resonance visible after annealing.
Our fabrication method enables the fabrication of a wide range of antenna arrays with varying lengths from 0.2 to 1.4 µm. This is demonstrated by displaying selected scanning electron microscope (SEM) images of our nanoantenna arrays on Si substrate. Typical relative transmittance spectra (parallel polarization, E || ) of the corresponding nanoantenna arrays are shown in Fig. 5(a) , demonstrating tunability of the resonance wavelength from the near-to mid-infrared spectral range. The results are in fair agreement with the simulation. The plasmon resonance positions of different nanoantenna arrays fabricated by femtosecond direct laser writing lithography show a clear linear correlation with the antenna lengths as shown in Fig. 5(b) . The peak positions correspond to different temperatures of blackbody radiation and can thus be designed to provide the best match with the blackbody emission spectrum for a given temperature [35] . areas with processing times on the order of a few seconds; however, our approach for nanoantenna fabrication can also easily be extended to other lithographic tools. Particularly, large-area and low-cost fabrication is highly sought after for real-world applications. As an established technique for wafer-scale processing, laser interference lithography is a prime candidate for fabricating large-area plasmonic structures. We demonstrate this by fabricating a large-area sample (10 × 10 mm 2 ) covered with TiN nanoantennas as shown by the macro photograph in Fig. 6(a) . Figure 6(b) shows the typical SEM image of TiN antenna arrays fabricated by interference lithography (periodicity: 2.1 µm, length: 1.7 µm, width: 0.8 µm, height: 50 nm) and demonstrates the excellent homogeneity of our large-area sample. The relative transmittance spectrum of such antenna arrays (parallel polarization, E || ) clearly shows a plasmon resonance in the mid-infrared (around 7 µm) as evident from Fig. 6(c) .
Conclusion
We employed direct laser writing as well as laser interference lithography to fabricate TiN nanoantennas with high quality plasmon resonances in the near-and mid-infrared spectral range. Large-area and low-cost preparation of such nanoantenna arrays combined with the intrinsic character of TiN as a refractory material makes such nanoantennas well-suited for high-temperature plasmonic application such as thermophotovoltaics, thermal imaging as well as nano-heat transfer systems. A protective layer of 200 nm Al 2 O 3 makes the optical response of the antennas much less susceptible to degradation while annealing at 800°C in argon flow. This indicates that the Al 2 O 3 layer improves the thermal stability of our TiN antennas. To prevent oxygen interdiffusion, oxygen-less capping layers such as Si 3 N 4 will also be tried in the future. Due to its simplicity and broad applicability, our method opens the door to largearea and low-cost refractory plasmonics in the mid-infrared.
